We reported that gene-selective formation of facultative heterochromatin silences transcription of acute inflammatory genes during endotoxin (LPS) tolerance, according to function. We discovered that reversal of the epigenetically silenced transcription restored mRNA levels but not protein synthesis. Here, we find that translation repression of TNFα occurs independent of transcription silencing during LPS tolerance. The process required to disrupt protein synthesis followed TLR4-dependent induction of microRNA (miR)-221, miR-579, and miR125b, which coupled with RNA-binding proteins TTP, AUF1 and TIAR at the 3'UTR to arrest protein synthesis.
We reported that gene-selective formation of facultative heterochromatin silences transcription of acute inflammatory genes during endotoxin (LPS) tolerance, according to function. We discovered that reversal of the epigenetically silenced transcription restored mRNA levels but not protein synthesis. Here, we find that translation repression of TNFα occurs independent of transcription silencing during LPS tolerance. The process required to disrupt protein synthesis followed TLR4-dependent induction of microRNA (miR)-221, miR-579, and miR125b, which coupled with RNA-binding proteins TTP, AUF1 and TIAR at the 3'UTR to arrest protein synthesis.
TTP and AUF1 proteins linked to miR-221, whereas TIAR coupled with miR-579 and miR-125b. Functional inhibition of miR-221 prevented TNFα mRNA degradation and blocking miR-579 and miR-125b precluded translation arrest. The functional specificity of TNFα 3'UTR was demonstrated using luciferase reporter with mutations in the three putative miRNA binding sites. Posttranscriptional silencing was gene-specific, as it did not affect production of IkBα antiinflammatory protein. These results suggest that TLR4-dependent reprogramming of inflammatory genes is regulated at two separate and distinct levels. The first level of control is mediated by epigenetic modifications at the promoters that control transcription. The second and previously unrecognized level of control is mediated by TLR4-dependent differential expression of miRNAs that exert posttranscriptional controls. The concept of distinct regulation of transcription and translation was confirmed in murine sepsis. We conclude that transcription and translation repressive events combine to tightly regulate proinflammatory genes during LPS tolerance, a common feature of severe systemic inflammation.
Inflammation development and progression are influenced by genetic, epigenetic, and environmental factors (1) . Sensors such as Toll-like receptors and their cellular communication pathways couple inciters of inflammation to genes, after which epigenetic events reprogram gene expression patterns in a temporal sequence of defense and repair (2) . In severe systemic inflammation (SSI) such as serious infection, a high magnitude response spreads systemically, which often results in death from cellular and organ failure. Such inflammation has distinct features and must be tightly controlled at transcriptional and posttranscriptional levels. Unlike in chronic inflammation, the inciting SSI phase is short-lived (lasts for hours) and progresses to an evolving phase typified by geneselective reprogramming through histone and DNA methylation reactions that generate facultative heterochromatin (3) (4) (5) (6) (7) . This genespecific paradigm silences transcription of the acute proinflammatory genes responsible for the SSI autotoxicity, while sustaining transcription of distinctly functional genes like those encoding anti-inflammatory and antibiotic mediators (3-9) (Fig. 1) . Depending on the magnitude of the original inciting stimulus, the evolving phase of SSI can dissipate within days, or be sustained for weeks (2) . Reversal of gene silencing correlates with resolution of SSI and survival. Our studies implicate nuclear factor kappaB (NF-kB) members p65 and RelB as essential regulators of the inciting, evolving, and restorative phases of SSI (3) (4) (5) 7, 8) .
The NF-kB family is the prototypic master inflammation regulator (10) . Toll like receptors (TLR) usually initiate SSI through NF-kB cytosolic activation with nuclear translocation and promoter binding of p65, which interacts with trans-acting factors. We discovered that temporally distinct de novo NF-kB RelB induction replaces promoter bound NF-kB p65 after the inciting stage to generate gene-set specific transcription silencing. RelB interacts with and recruits the histone H3K9 methyltransferase, G9a, to dimethylate histone H3K9, leading to recruitment of the DNA methyltransferase Dnmt3a/b and subsequent methylation of promoter CpGs and chromatin condensation (4, 6, 7) . Geneselective facultative heterochromatin reverses to euchromatin during the SSI resolution/restorative phase. The evolving phase of SSI with geneselective silencing is typified by the phenomenon of endotoxin tolerance observed in humans, animals, and cell models (2) . We found that reversal of condensed heterochromatin to open euchromatin by inhibiting RelB or G9a restored transcription but not translation of proinflammatory TNFα and IL-1β (4-6), suggesting an additional silencing mechanism at the posttranscriptional level.
The inciting and evolving features of SSI conform to the network motif concept of type 1 incoherent feed-forward loops (11) , in which a transcription activator X (e.g. NF-kB p65) controls a target gene Z (e.g., TNFα) and also sequentially activates a transcription repressor Y (e.g. RelB) of the target gene, thus producing physiologic adaptation, for example tolerance. Recent data support that such gene-encoded adaptive loops may involve microRNAs (12) . Feedback repression of inflammatory adhesion genes in endothelial cells by miRNAs recently provides an example (13 (14, 15) . MiRNAs are processed from long primary transcripts (pri-miRNAs) that are transcribed from independent genes or from intronic sequences of protein-coding genes by RNA polymerase II (15) . Pri-miRNAs are processed into ~60-70 nucleotides hairpin precursors (pre-miRNAs), which are exported to the cytoplasm and further processed into ~22 nucleotides mature miRNAs by the RNase type III enzyme Dicer (15) . Mature miRNAs are loaded onto a ribonucleoprotein complex (miRNP), also known as miRNA-induced silencing complex (miRISC), where they act as guiding molecules to deliver the complex to target mRNA via binding to complementary sequences in the 3'UTR, resulting in mRNA degradation and/or translational repression (15) . MiRNAs usually basepair to target mRNA with imperfect complementarity, resulting in translational inhibition, while perfect basepairing induces target mRNA degradation (15, 16) . The most stringent requirement for miRNA function is a near perfect base-pairing within the miRNA nucleotides 2-7 (known as the seed region), which nucleates the interaction within the target mRNA 3'UTR (15) . Recent studies in mammals implicate miRNAs in a number of biological processes, including regulation of normal immune function, cell differentiation, viral infection, inflammation, signal transduction and cancer (14, 17, 18 ).
Here, we tested whether the SSI inciting phase might induce a miRNA code that regulates translational events independent of the transcriptional silencing process of selective facultative heterochromatin formation. To do this, we used the THP-1 cell model of SSI as reflected in the generation of endotoxin (lipopolysaccharide, LPS) tolerance by an inciting TLR4 LPS stimulus. We performed a computational miRNA target prediction algorithm and identified twenty miRNAs with sequences complementary to the TNFα 3'UTR, as a model of posttranscriptional repression of proinflammatory genes in LPS tolerance. Expression profiling distinguished three miRNAs (miR-221, miR-579 and miR-125b) whose levels were differentially altered after LPS stimulation in tolerant cells. Importantly, we show that these miRNAs assemble into miRISC complex and target specific RNA-binding proteins (RBPs) to the TNFα 3'UTR. Functional inhibition revealed that miR-221 directs mRNA degradation, whereas miR-579 and miR-125b inhibit translation of TNFα mRNA. We also found that these miRNAs and RBPs may couple to disrupt TNFα protein synthesis in mice with sepsis. Our studies provide the first evidence linking differential changes in TLR-induced miRNA expression to LPS tolerance, which serves as a cell model of SSI gene reprogramming (2, 19) , and suggest that both disruption of transcription and translation independently assure gene-specific silencing during the endotoxin tolerance/evolving phase of SSI.
EXPERIMENTAL PROCEDURES
Cell culture and tolerance-THP-1 cells, obtained from the American Type Culture Collection (Rockville, MD), were maintained in RPMI-1640 medium (Invitrogen, Carlsbad, CA) supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, and 10% fetal bovine serum (Hyclone Laboratories, Logan, UT) at 37˚C and 5% CO 2 . Log-phase cells were used in all experiments. Cells were made tolerant by overnight incubation with 1 μg/ml LPS (SigmaAldrich, 0111:B4, 1 μg/ml). The following morning, responsive (fresh cells; no pre-incubation with LPS) and tolerant cells were washed and resuspended in complete medium. All reagents were routinely tested for LPS contamination by the Limulus amebocyte lysate assay (sensitivity <1 pg/ml). Responsive and LPS-tolerant cells (1 x 10 6 cells/ml) were stimulated with LPS for various times. LPS used in these experiments was free of contaminating proteins that activate cells via a non-TLR4 dependent mechanism.
Construction of plasmids-Renilla luciferase construct was obtained from Promega. To create TNFα 3'UTR-luciferase reporter construct, the 3'UTR fragment (~798 bp) of TNFα was cloned downstream of RPL10-driven firefly luciferase in pSGG vector (Switchgear Genomics, Menlo Park, CA). Mutated versions (mutTNFα 3'UTR-Luc) of this construct carrying 6-bp substitutions in the miR-221, miR-579, or miR125b binding sites (either individually or combined) were obtained by site-directed mutagenesis (Fig. 10, A) . All mutations were verified by sequencing.
Transfections-Log phase THP-1 cells were seeded at 0.5x10 6 cells/ml and made tolerant prior to transfection. Cells were transfected by electroporation using nucleofector system per the manufacturer's instructions (Lonza, Walkersville, MD).
For knockdown studies, cells were transfected with pools of scarmbled or target genespecific siRNAs at 0.5 μM (final conc).
For miRNA studies, cells were transfected with 100 nM of miRNA mimics or 2'-O-methyl antisense oligonucleotides (anti-miR221, antimiR579, anti-miR125b), either individually or in combinations (Ambion, Austin, TX).
For translation studies, miRNA inhibitor (anti-miR) was co-transfected with 100 ng of luciferase plasmids.
Luciferase assays-Cells were harvested 24 h after transfection and lyzed in 1x lysis buffer. Luciferase activities were measured using the Dual Luciferase Assay System per the manufacturer's instructions (Promega). The firefly to renilla luciferase ratio was determined and further normalized for firefly mRNA.
Mice-C57BL/6 mice at 6-8 weeks were obtained from Harlan Sprague (Indianapolis, IN) and housed under pathogen-free conditions at the Unit for Laboratory Animals at Wake Forest University School of Medicine and treated in accordance with the guidelines set forth by the National Institutes of Health Committee on Care and Use of Laboratory Animals. Animal protocols were reviewed and approved by Wake Forest University Animal Care Use Committee. Cecal ligation and puncture-Cecal ligation and puncture (CLP) surgery was performed as previously described (20) , with some modifications. Briefly, mice were anesthetized by isoflurane inhalation (Halocarbon Laboratories, Riverridges, NJ). A 1-cm midline incision was made to the ventral surface of the abdomen, and the cecum was exposed. The cecum was partially ligated at its base with a 3.0 silk suture and punctured 3 times with a 20-gauge needle. The abdomen incision was closed using surgical staples. Mice were sacrificed after 24 h.
Isolation of peritoneal macrophages-Normal and septic mice were euthanized by cervical dislocation following anesthetization. Macrophages were collected from peritoneal lavage with Hanks` balanced salt solution (HBSS). The lavage was then centrifuged at 2,500 rpm for 5 min. Cells were washed two times with HBSS and then suspended in DMEM medium containing 10% FBS and antibiotics.
To obtain macrophage-enriched cell preparations, peritoneal cell suspensions were incubated in medium for 1 h to allow macrophages to adhere to plates. Non-adherent cells were removed by washing with HBSS. Cells were then cultured in DMEM medium with 10% FBS overnight at 37•C and then stimulated with 100 ng/ml LPS.
Preparation of cytoplasmic extract-Since some RNA-binding proteins (RBPs) have very rapid off rates that lead to loss during extract preparation, we used in vivo formaldehyde crosslinking, in some experiments, to freeze RNA-RBP complexes (21) . This crosslinking was reversed by incubating the immunoprecipitated complexes at 65˚C for 45 min before RNA was isolated and analyzed as described below. Immediately after harvest, cells were incubated with 0.2% formaldehyde in PBS for 10 min at room temperature (21) .
Cells were washed in PBS and lyzed according to published methods (22) with some modifications. Briefly, cells were incubated on ice for 10 min in lysis buffer (250 mM sucrose, 10 mM Tris-HCl [pH 7.5], 25 mM KCl, 5 mM MgCl 2 , 2 mM DTT, 0.1% NP-40, 30 U/ml RNase inhibitor plus 1x protease inhibitor cocktail). Samples were centrifuged at 2,000 rpm for 5 min. The supernatants were cleared by centrifugation at 10,000 rpm for 5 min and saved as cytoplasmic extract. To prepare whole cell lyzates, cells were lyzed as described above except that the lysis buffer included 0.5% NP-40 and 0.5% deoxycholate.
Immunoprecipitation-Immunoprecipitation (IP) of Ago2 or RBP protein complexes was performed as described previously (23) with some modifications. Briefly, cell lysates or cytoplasmic extracts were pre-cleared by incubation with preblocked protein G-agarose beads for 1 h at 4˚C. Beads were pre-blocked by incubation for 1 h with 100 μg/ml of BSA. Pre-blocked beads were washed with buffer C (250 mM sucrose, 10 mM Tris-HCl [pH 7.5], 25 mM KCl, 5 mM MgCl 2 , 2 mM DTT, 30 U/ml RNase inhibitor, and 1x protease inhibitor cocktail). Extract was centifuged at 2,000 rpm for 5 min and supernatant (900 μl) was added to 100 μl of pre-blocked protein Gagarose beads that were coated with 10 μl antibody against human Ago2 (clone #4G8) (Wako, Richmod, VA), TTP, TIAR (Santa Cruz Biotechnology, Santa Cruz, CA), or AUF1 (Abcam, Cambridge, MA). After overnight incubation (with rotation) at 4˚C, the beads were centrifuged and washed three times with buffer C. Aliquots of bound protein complexes were taken for protein analysis by SDS-10% PAGE, and the remainder was subjected to RNA isolation (from the immunoprecipitated RBPs) using TRIzol reagent (Invitrogen) following the manufacturer's instructions. This RNA was used for mRNA and miRNA analysis.
In some experiments, reimmunoprecipitation (Re-IP) of protein complexes was performed. First, immunoprecipitation was performed as described above. Beads were recovered and resuspended in 10 mM DTT for 25 min at 37˚C. The supernatant was recovered by centrifugation at 1,000 rpm for 1 min, diluted to 900 μl in buffer C, and then reimmunoprecipitated by adding 100 μl of preblocked protein G-agarose beads coated with the second antibody. The rest of the procedures was as described above.
miRNA and mRNA expression-To identify potential miRNA binding sites in target mRNA, we used computational target prediction algorithms utilized by the PicTar (http://pictar.bio.nyu.edu), miRanda (http://www.microrna.org), and TargetscanS 4.0 (http://www.targetscan.org/index.html) search engines (24, 25) . MiRNAs with sequences complementary to TNFα 3'UTR were then analyzed by expression profiling as shown below.
RNA was isolated from intact cells using miRNA isolation and enrichment kit according to the manufacturer's instructions (Ambion). For immunoprecipitated RNA, immunoprecipitates were treated with DNase at 37˚C for 15 min and subsequently with proteinase K (35 μg/ml) for 15 min at 37˚C before RNA was purified by TRIzol reagent or RNeasy kit (Invitrogen).
MiRNA expression in cell extracts or immunoprecipitated RNA was determined using Ncode miRNA detection kit (Ambion) according to the manufacturer's instructions. This technique, unlike the conventional assay of random-primed RT, consists of poly(A) tailing of 10 ng of miRNA-enriched RNA in 25 μl reaction, followed by reverse transcription and a specific real-time PCR. The reverse transcription (RT) reaction consisted of 4 μl of polyadenylated miRNA, 3 μl of 25 μM universal RT primer and 1 μl annealing buffer. The reaction was incubated at 65˚C for 5 min followed by the addition of 10 μl of 2x firststrand synthesis reaction mix containing dNTP, 2 μl of SuperScript III RT/RNase out enzyme mix.
The reaction (20 μl) was then incubated at 50˚C for 50 min, followed by 85˚C for 5 min to stop the reaction. Real-time PCR reaction consisted of 5 μl of 1:10 dilution of the RT product, 1 μl of 10 μM universal reverse primer, 1 μl of 10 μM miRNAspecific forward primer (an oligonucleotide identical to the entire mature miRNA sequence, in which U is replaced with T) and 25 μl of SYBR green qPCR Supermix-UDG (Ambion). PCR was run in triplicates at 95˚C for 10 min followed by 40 cycles at 95˚C for 15s and 60˚C for 1 min using ABI Prism 7000 Sequence Detection System (Applied Biosystems). The relative expression of miRNA was calculated using the 2 -∆∆Ct cycle threshold method after normalization to the endogenous U6 small RNA (as an internal control).
To analyze the expression of target gene mRNA, real-time RT-PCR was performed as described previously (5), using TaqMan genespecific primer/probe sets (Applied Biosystems). The mRNA level of target genes was normalized to GAPDH RNA and calculated using the 2 -∆∆Ct cycle threshold method. The 18S RNA was also amplified as an internal control.
For semiquantitative PCR, immunoprecipitated RNA was reverse-transcribed and amplified by 25 cycles using gene-specific primers covering the 3'UTR sequence.
ImmunoblottingProteins in fresh cytoplasmic extract or in immunoprecipitated complexes (IP) were detected by immunoblot analysis. Cytoplasmic extract or IP complexes was mixed with 5x Laemmli gel loading buffer, resolved in gradient SDS-polyacrylamide gel, transferred to polyvinylidene difluoride membranes (Millipore), and incubated with primary antibodies diluted in 10% skim milk in Tris-buffered saline/Tween 20. After washing, membranes were incubated with secondary antibody conjugated to horesradish peroxidase. Proteins were visualized with the ECL detection system (Amersham Biosciences).
Data analysis-All values are expressed as the mean ± s.d. of data obtained from at least three experiments. Comparison between groups was made with one-way analysis of variance (ANOVA), followed by unpaired student's t test, with p ≤ 0.05 being statistically significant.
RESULTS

Transcription
and translation of proinflammatory genes are separately regulated in LPS tolerance-As shown in Fig. 2 , TNFα mRNA and protein were markedly induced after THP-1 cell stimulation with LPS. Following this initial activation phase, which incites the "cytokine storm" observed at the onset of SSI (2), both mRNA and protein levels were rapidly decreased and reached a background levels by 12 h. This coincides with the induction of LPS tolerance, as cells were unable to respond to a second dose of LPS.
The sustained repression of mRNAs of TNFα and IL-1β is reversible by depletion of RelB, which drives transcriptional epigenetic silencing (4-6) (and Fig. 3 ). Cells were made tolerant and then transfected with RelB siRNA to inhibit RelB expression. Total RNA and proteins were isolated and analyzed at different time points. Although reversing transcription silencing by RelB knockdown restored TNFα mRNA to near normal levels seen in responsive (R) cells, we did not detect protein even after 4-6 h of restimulation. In addition, mRNA completely disappeared 1 h after blocking new RNA synthesis with doxycycline (Fig. 4) . Actinomycin D at 5 μg/ml (our previous studies (26)) exhibited similar results but reduced cell viability compared to doxycycline (not shown). In addition, previous studies reported the inhibitory effect of doxycycline on the expression of inflammatory mediators, including cytokines genes (27) (28) (29) (30) . These results suggested that mRNA was unstable in LPS-tolerant cells. Further analysis of mRNA decay showed that mRNA half-life was ~20 min in LPS-tolerant cells compared to ~50 min in responsive cells (Fig. 4) .
Thus, our experimental approach to investigating the role of miRNAs in the SSI phenotype is based on the observation that genespecific repression in LPS-tolerant cells affects transcription and translation of selected inflammatory genes and that the two processes are regulated distinctly and separately and that the post transcriptional process does not require RelB induction. In order to study mRNA stability and translation, transcription and mRNA levels must be restored first. In this context, RelB was knocked down in tolerant cells in all subsequent experiments.
miRNAs are differentially expressed in LPS tolerance-The TNFα 3'UTR region plays a role in its posttranscriptional regulation (31) (32) (33) . MiRNAs function by base-pairing with sequences in the 3'UTR of the targeted mRNA. To examine a potential role for miRNAs in translational repression of TNFα in LPS tolerance, we used computational target prediction algorithm to screen for miRNAs with sequences complementary to the TNFα 3'UTR, which might then act to promote the translational repression. We identified 20 miRNAs with sequences complementarity to the TNFα 3'UTR. Next, we performed miRNA expression profiling using miRNA qRT-PCR. We observed increases or decreases in the levels of nine miRNAs. Interestingly, the levels of miR-150, miR-155, miR146a and miR-16 were increased, while miR-369-3p was decreased in both LPS-responsive and tolerant cells after LPS stimulation (data not shown). Importantly, only four miRNAs (miR181a, miR-221, miR-579 and miR-125b) showed a differential expression pattern when compared in both cell phenotypes (Fig. 5) . Among the four miRNAs, miR-579 did not conform to a typical seed region match. MiR-181a was significantly increased in responsive cells, while miR-221, miR-579 and miR-125b were significantly increased in tolerant cells. Further inspection of the data revealed that miR-221, miR-579, and miR-125b levels became elevated during the LPSdependent evolving phase of tolerance, whereafter a second LPS stimulus markedly augmented their expression (data not shown). Because TNFα mRNA and protein were independently repressed in tolerant cells, we focused our analyses on the miRNAs that showed differential expression pattern in tolerant cells, as changes in their expression levels suggested them as candidates for posttranscriptional regulation.
MiR-221 accelerates TNFα mRNA degradation while miR-579 and miR-125b block its translation-
The rapid increase in miR-221, miR-579 and miR-125b one hour after LPS stimulation in tolerant cells suggested that they may participate in disrupting protein synthesis. To examine the effects of the increase in miRNA expression in tolerant cells on TNFα mRNA stability, we used miRNA inhibitors (anti-miRNA; single-stranded and chemically modified oligos, known as antagomirs) (34) to inhibit their expression. Tolerant cells were transfected with RelB-specific siRNA (to reverse transcription silencing and enhance the level of TNFα mRNA that would be available for translation) together with anti-miRNAs (individually or in combinations). After 36 h, cells were washed and stimulated with LPS , without or with doxycycline to stop new transcription). Doxycycline was added after 1 h, at which time TNFα mRNA is significantly increased (Fig. 2) . As shown in Fig.  6 , TNFα mRNA was almost completely degraded in the presence of doxycycline. Anti-miR-221 transfection stabilized the mRNA but did not restore protein synthesis. Anti-miR-579 or antimiR-125b had no effects on mRNA stability (not shown). In addition, miR-181a mimic (which increased miR-181a level in tolerant cells) was also co-transfected with either of the three miRNAs and showed no additional positive or negative effects on mRNA stability (data not shown). These results suggested that miR-221 targets TNFα mRNA for rapid decay in tolerant cells, but does not regulate translation per se.
Although inhibiting miR-221 expression in tolerant cells restored TNFα mRNA stability, protein synthesis remained blocked even after 4-6 h, suggesting that mRNA translation is independently disrupted in tolerant cells. To test this possibility, we transfected tolerant cells with anti-miR-221 together with anti-miR-579 and/or anti-miR-125b. Although transfection of anti-miR-221 with anti-miR-579 alone or anti-miR-125b alone had no additive effects on mRNA stability over that conferred by anti-miRNA transfection alone, each condition restored protein levels to ~30-40% (data not shown). On the other hand, transfection of anti-miR-221 with anti-miR-579 plus anti-miR-125b restored TNFα protein levels to ~80% of its levels detected in responsive cells (Fig. 7A) . The levels of all miRNAs were markedly reduced after anti-miRNAs transfection (Fig. 7B) . Collectively, the data presented in Figs. 6 and 7 suggested that TNFα mRNA stability and translation are differentially regulated in tolerant cells and that miR-221 induces mRNA decay, whereas miR-579 and miR-125b arrest translation.
MiRNAs bind to and recruit specific RNAbinding proteins to TNFα 3'UTR to mediate translational repression-RNA-binding proteins (RBPs) control stability and translation by binding to sequences within the 3'UTRs of target mRNA (35, 36) . The TNFα 3'UTR region plays a major role its in gene expression and in the inflammation code and is a target for binding by RBPs, including mRNA destabilizers TTP and AUF1 and translational inhibitor TIAR (31, (36) (37) (38) . To test the possibility that miRNAs might recruit these proteins to the TNFα 3'UTR, we performed RNA immunoprecipitation using cytoplasmic extracts and specific antibodies to TTP, AUF1 and TIAR. As shown in Fig. 8A , TNFα mRNA was enriched in TTP, AUF1 and TIAR immunoprecipitates from tolerant but not responsive cells. The protein binding to the mRNA was markedly increased after LPS stimulation of the tolerant state, suggesting the involvement of TLR4 signal in translation repression. The lack of these protein binding in responsive cells was not due to a decrease in their expression, as western blot analysis showed no significant changes in their expression levels compared with tolerant cells (data not shown). These results demonstrate that inhibitory RBPs are specifically and actively recruited to TNFα 3'UTR, likely through miRNAs, to mediate its translational repression in LPS tolerance.
MiRNAs recruit RBPs to target mRNAs (15) . To determine whether miRNAs directly associate with RBPs at the TNFα 3'UTR, we assessed miR-221, miR-579 and miR-125b levels in TTP, AUF1 and TIAR immunoprecipitates from tolerant cells. RNA extracted from the immunoprecipitates was analyzed by qRT-PCR using miRNAs-specific primers. MiR-221 was detected in both TTP and AUF1 immunoprecipitates, whereas miR-579 and miR125b were detected in TIAR immunoprecipitate only (Fig. 8B) . In addition, western blot analysis confirmed the specific immunoprecipitation of TTP, AUF1, and TIAR proteins complexes (Fig.  8C) . Next, we determined the functional relevance of RBPs recruitment to TNFα 3'UTR using siRNA. Knockdown of TTP or AUF1 parially increased mRNA stability, whereas combined knockdown completely restored mRNA stability but not translation (data not shown). In addition, TIAR knockdown did not affect mRNA stability. Importantly, concurrent knockdown of the three proteins completely restored mRNA stability and translation (Fig. 9) . Together, these results demonstrate that miRNAs specifically bind to and recruit RBPs to the TNFα 3'UTR and suggest that they couple in a combinatorial fashion to induce translational repression of TNFα in LPS-tolerant cells.
The miRNA binding sites in the TNFα 3'UTR mediate decay and arrest translation in a linked luciferase reporter mRNA introduced into tolerant cells-To verify the translational repressive effects of miRNAs on TNFα mRNA in tolerant cells, we transfected mutants of TNFα 3'UTR linked to a luciferase reporter mRNA and then measured their effects on luciferase mRNA stability and translation. The luciferase gene (Luc2P; Promega) is constitutively active under the control of RPL10 promoter in pSGG vector, meaning it is highly expressed when not attached to any heterologous 3'UTR. As shown in Fig. 10B , transfection of the luciferase plasmid alone expressed both mRNA and protein, while a plasmid containing the luciferase gene fused to the wild-type TNFα 3'UTR reduced both luciferase mRNA and protein to a background levels in tolerant cells, demonstrating that the TNFα 3'UTR exert inhibitory effects on the reporter gene translation. Transfection of luciferase plasmid bearing mutation in the miR-221 binding site within the linked TNFα 3'UTR restored luciferase mRNA to levels close to those observed with luciferase plasmid without the TNFα 3'UTR (Luc). However, this mutation did not restore translation, indicating that miR-221 affects mRNA stability in tolerant cells. On the other hand, mutation in the miR-579 or miR-125b binding site alone did not restore mRNA stability or translation. In addition, combined double mutations in miR-221 plus miR-579 or miR-125 completely restored mRNA stability but partially increased translation efficiency. In contrast, a triple mutation in the three miRNA binding sites restored both mRNA stability and translation. Together, these results support that miR-221 binding site in the TNFα 3'UTR mediates mRNA decay, whereas miR-579 and miR-125b binding sites mediate translation arrest.
Epigenetic-based transcription silencing occurs during animal SSI and is dissociated from posttranscriptional events-The stereotypical features of SSI, as demonstrated by the decreased production of proinflammatory mediators, temporally follow within several hours of the initial inciting phase in animal and human (2, 39) . We used ex vivo preparation of peritoneal macrophages from mice with SSI to examine whether an epigenetic gene reprogramming occurs during animal SSI. We used cecal ligation and puncture (CLP) model, which has been described previously (20) . Peritoneal macrophages were recovered from normal (sham) and septic mice and then stimulated with LPS for 1-6 h. Because macrophages are sensitive to LPS, we used 0.1 μg/ml doses. TNFα mRNA and protein were significantly induced after LPS stimulation of normal macrophages (Fig. 11) . In the meantime, macrophages from septic mice exhibited background expression of mRNA and protein, even with longer stimulation of 2-8 h (data not shown), suggesting that transcription is silenced in mice with sepsis.
We have previously shown that G9a promotes chromatin condensation and transcription silencing of TNFα and IL-1β by a complex of histone and DNA modifiers (4, 6) . G9a knockdown (similar to RelB knockdown) restored TNFα mRNA but not protein levels in tolerant THP-1 cell model of SSI (5, 6) . To test the possibility that G9a may induce epigenetic silencing in septic mice, macrophages were incubated with the G9a inhibitor BIX-01294, which has been shown to inhibit H3K9 methylation and chromatin condensation (40) (and our previous studies (6)). Pretreatment of septic macrophages with BIX for 6 h before LPS stimulation resulted in a marked recovery of TNFα mRNA but not protein (Fig. 11) . Longer stimulation up to 8 h did not exhibit noticeable changes in protein levels (data not shown). These results suggested that the epigenetic reprogramming of proinflammatory genes also occurs during animal SSI and further indicate that transcription and translation events are separately regulated.
Negative regulatory miRNA code also exists in septic macrophages and couple with RBPs at the TNFα mRNA-Our results showed that miR-221, miR-579, and miR-125b expression was significantly increased in tolerant THP-1 cells. Next, we determined the expression of these miRNAs in normal and septic macrophages by RT-PCR. We detected a significant increase in miR-221, miR-579, and miR125b levels after LPS stimulation in septic macrophages (Fig. 12A) .
MiRNAs function in the context of miRISC complex with its associated RBPs. To examine whether these miRNAs contribute to the posttranscriptional repression observed in septic macrophages, we first determined the binding pattern of the RBPs (identified in THP-1 cells) at the TNFα 3'UTR. Cytoplasmic extract was isolated and immunoprecipitated with antibodies against TTP, AUF1, and TIAR proteins. RNA was extracted from the immunoprecipitates and analyzed for the presence of TNFα mRNA. RNA from normal mice showed a background binding, whereas septic macrophages showed a marked increase in binding to TTP, AUF1, and TIAR after LPS stimulation (Fig. 12B) .
Next, we measured miRNA levels in TTP, AUF1, and TIAR immunoprecipitates. We detected significantly higher levels of miR-221 associated with TTP and AUF1 proteins in septic compared with normal macrophages (Fig. 12C) . In the meantime, miR-579 and miR-125b were co-immunoprecipitated in significant amounts with TIAR protein. Western blot analysis confirmed the specific immunoprecipitation of TTP, AUF1, and TIAR proteins complexes (Fig. 12D) . Together, the results presented in Fig. 12 show a differentially induced negative miRNA and RBP profile in septic mice and suggest that they may couple to disrupt TNFα protein synthesis.
DISCUSSION
Innate immunity employs a multilayered regulatory system to control inflammation through inciting, evolving, and resolving phases (2) . The distinct and consistent pro-and anti-inflammatory physiologic phases of SSI suggest that gene reprogramming and not TLR specificity ultimately controls host response to infection (9, 39, 41) . Our and other reports on epigenetically-controlled chromatin structural modifications during SSI in humans and animals support this concept (4-6,9,42). The formation of facultative heterochromatin at promoters of acute proinflammtory genes and not anti-inflammatory genes reversibly silences a set of inflammation inducing genes to switch phenotype during the evolving phase of SSI (2) . The reversible nature of facultative heterochromatin parallels a return to homeostasis when SSI resolves. Here, we identify an additional, indispensible and distinct negative regulatory mechanism by which differentially expressed miRNAs disrupt protein synthesis of acute proinflammatory TNFα during the evolving antiinflammatory stage of SSI that is typified by LPS tolerance.
We identified miRNAs that base-pair with sequences in the TNFα 3'UTR. Expression profiling revealed that miR-221, miR-579 and miR-125b were selectively induced in LPS-tolerant cells and assembled with RBPs that target TNFα mRNA for translational repression. We also showed that these miRNAs induced translational repression through a combinatorial effect. MiR-221 promoted degradation of endogenous as well as a luciferase reporter mRNA fused to TNFα 3'UTR, whereas miR-579 and miR125b promoted translation arrest. The selective LPSmediated induction of miRNAs in LPS tolerant cells strongly suggests that differential induction of targetspecific miRNAs rather than a global change in TLRmediated pathway is a primary mechanism for translational repression in SSI.
mRNA instability and translation are mainly regulated by AU-rich elements (ARE) located in the 3'UTR of a variety of short-lived mRNAs, including cytokines (15, 43) . Indeed, a recent report indicates that the number of AU sequences correlates with differential expression patterns in the inflammation gene code (1) . The repressive function of AREs is regulated by protein factors that bind to the 3'UTR. The TNFα 3'UTR contains ~ 70-bp ARE sequence composed of several repeats of AUUUA pentamer (32) . The 3'UTR of TNFα influences its synthesis in vivo. Mice expressing TNFα gene lacking the 3'UTR overexpress TNFα protein (44) , while mice lacking RBPs that target the 3'UTR (e.g., TTP and AUF1) overproduce TNFα protein (36, 45) . The three miRNA binding sites identified in this study are located within overlapping distances in the TNFα ARE element (see Fig. 13 ). We found that miR-221 increased mRNA degradation and was co-immunoprecipitated with TTP and AUF1 proteins that are implicated in mRNA instability. In addition, miR-579 and miR-125b induced translation arrest and were coimmunoprecipitated with the translation silencer TIAR. Thus, our results indicate that LPS tolerance is not only associated with differential alteration in miRNAs profile , but also with distinct posttranscriptional mechanisms of mRNA stability and translation. Also, functional analysis showed that TNFα 3'UTR conferred instability and translational arrest on a fused luciferase reporter mRNA in LPStolerant cells. Combined mutations in the 3'UTR that disrupted binding by miR-221, miR-579 and miR125b restored mRNA stability and translation, demonstrating a critical role for the TNFα 3'UTR in its translational repression by miRNAs.
MiRNAs function by recruiting RBPs to target mRNA for translational repression (15, 46) . We detected TTP, AUF1, TIAR proteins bound at the TNFα 3'UTR in tolerant, but not LPS-responsive cells. The binding of these proteins were dependent on miRNAs induction in tolerant cells, as they did not bind in responsive cells despite their normal protein levels (dad not shown). Previous reports indicated that TTP and AUF1 enhance TNFα and IL-1β mRNA degradation in activated macrophages and other cell types (36, 47) . TIAR, and related protein TIA-1, downregulate TNFα translation (37, 48) . Our coimmunoprecipitation experiments demonstrated that miR-221 associated with TTP and AUF1 proteins, whereas miR-579 and miR-125b associated with TIAR. These results, together with our finding that functional inhibition of miR-221 stabilized mRNA while miR-579 and miR-125b inhibition enhanced translation of TNFα, suggest that these miRNAs directly interact with and recruit specific RBPs to TNFα 3'UTR, thereby mediating translational repression. In addition, siRNA-mediated knockdown of TTP and AUF1 in tolerant cells stabilized TNFα mRNA, whereas TIAR knockdown increased mRNA translation to almost the same extent seen upon functional inhibition of miRNA expression, indicating that these miRNAs promoted translational repression of TNFα in tolerant cells by recruiting inibitory RBPs. A recent study reported that a constitutive decay element in the TNFα 3'UTR, downstream of the ARE (see Fig. 13 ) targeted TNFα mRNA for rapid decay (38) . Interestingly, miR-221 binding site is located within this element. Since miR-221 coimmunoprecipitated with AUF1, it is possible that miR221 recruits AUF1 to this decay element. Thus, our results suggest that differentially induced miRNAs couple with specific RBPs to mediate TNFα translational repression in LPS-tolerant phenotype.
Some RBPs may protect certain mRNAs from miRNA-mediated repression (31,49) by facilitating mRNA targeting to polysomes for translation rather than to p-bodies (the sites of mRNA decay and translation arrest) for translational repression (15) . For example, HuR protein stabilizes TNFα mRNA in macrophages under normal physiological conditions (31) , and Dnd1, another RBP, may increase mRNA stability and translation of some tumor suppressor mRNAs by preventing negative regulatory miRNA binding (49,50). In this study, we observed that HuR and Dnd1 bound to TNFα 3'UTR in responsive but not LPS-tolerant cells (data not shown). This is consistent with these regulators stabilizing TNFα mRNA and translation during the inciting phase of SSI (i.e, in responsive cells). In contrast, during the evolving phase of endotoxin tolerance and gene silencing, HuR and Dnd1 did not bind to TNFα mRNA despite their normal expression in the cytoplasm. Thus, the specific repressive effect conferred by miRNAs on 3'UTR may displace HuR or Dnd1 and override their positive effects.
Recent studies reported that miR-146a and miR-155 are inflammation modifiers and are induced by LPS in normal monocytes/macrophages (51,52). MiR-146a downregulates TLR signaling proteins TRAF6 and IRAK1(52) and thus may reduce TNFα expression and indirectly prevent the generation of endotoxin tolerance (51). The prevention context of gene silencing should be distinguished from the reversal concept that would be needed to intervene in SSI. MiR-155 can attenuate TLR4 signal by targeting IKKε kinase (53), but can also activate LPS signaling pathways by enhancing TNFα expression (53,54). Although miR-146a and miR-155 can attenuate TLR signaling, they do not appear to directly affect proinflammatory gene translational repression in LPStolerant cells. Our data indicate that miR-146a and miR-155 expression increases in both responsive and LPS-tolerant cells. Our study does not exclude the possibility that these miRNAs may directly or indirectly influence tolerance.
While there are no previous reports to our knowledge implicating miR-221 or miR-579 in regulating TNFα expression, a recent study reported that miR-125b targets TNFα mRNA transcripts for degradation in murine macrophages, which may limit TNFα production under basal normal conditions (53). After LPS stimulation, however, miR-125b level decreases to allow TNFα production in the inciting phase. Our finding of increased miR-125b expression in LPS-tolerant THP-1 cells, which follows the earlier decrease, is consistent with this report in that a reduction of miR-125b during the LPS inciting phase would support TNFα translation, while a subsequent increase in the evolving tolernant phase would feed forward to repress TNFα translation. A recent report further supports that feed-forward repressor loops can limit innate immune responses (13) . TNFα-Induced miRNAs miR-31 and miR-17-3p reduced expression of E-selectin and intercellular adhesion molecule 1 (ICAM1) in human endothelial cells to limit endothelial and neutrophil adhesion events after the inciting phase.
We showed that epigenetic gene reprogramming also occurred in mice with SSI and that this process is reversable by returning silent heterochromatin to euchromatin through G9a inhibition (Fig. 11) . The finding that septic macrophages with reversed epigenetic silencing expressed TNFα mRNA but not protein suggested a posttranscriptional repression mechanism likely promoted by the induction of negative regulatory miRNAs, similar to that observed in THP-1 cell model of SSI. Recent studies reported selective epigenetic-based gene repression mechanisms using animal model of inflammation (9, 20) . LPStolerant macrophages derived from bone-marrow exhibited a differential gene silencing profile after a second LPS stimulation ex vivo. Such silencing was associated with loss of H3K4 trimethylation, which usually marks transcriptionally active genes (9, 55) . A recent study (20) , using the CLP model of sepsis, demonstrated that IL-12 gene transcription was associated with a shift from H3K27 trimethylation to monomethylation, which associates with gene silencing (56). Thus, epigenetic silencing seems as a primary process of transcriptional repression in animal systemic and local inflammation. Our studies add on to these findings and, further, reveal an additional miRNAdependent postranscriptional silencing mechanism during SSI.
Based on our results, we propose a model as depicted in Fig. 13 , where differentially induced miRNAs bind specifically to TNFα 3'UTR. These miRNA recruit the RNA-binding proteins TTP, AUF1, and TIAR, which in turn could interact with Ago2 protein, resulting in the assembly of miRISC repressor complexes. Such complexes are then targeted to p-bodies, where mRNA degradation by deadenylation or decapping, and/or translational arrest due to inhibition of translation initiation, occur. This silencing process is gene-specific, allowing for sustained expression of other inflammation modifiers such as IkBα. We found that RBPs and miRNAs were associated with Ago2 at the TNFα 3'UTR in LPStolerant but not responsive cells, and knockdown of Ago2 resulted in dissociation of the complex and relieved translation repression (data not shown). Thus, we conclude that epigenetic modifications generating gene-specific formation of transcription silencing facultative heterochromatin combine with the posttranscriptional repressor events shown herein to direct the physiology of evolving SSI through tightly regulated feed-forward loops. The reversible nature of facultative heterochromatin and the posttranscriptional silencing described in this report and the recent success in using LAN-based antagomirs to silence miRNA expression in mice and primates (57), if applied to SSI, might provide a novel approach for therapeutic interventions.
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The authors thank J. Hu and S. Cousart for technical assistance; T. Liu for western blotting; and B. Yoza for critical discussion. *Supported by the National Institutes of Health Grants R01AI065791 and R01AI079144. A, shown is a luciferase reporter construct containing the 798-bp TNFα 3'UTR fragment. Mutations in the TNFα UTR sequences (corresponding to miRNA seed regions) were generated by site-directed mutagenesis and subcloned downstream of the luciferase gene in pSGG vector. Shown is a sequence alignment of the miRNAs and their target sites in the 3'UTR. Mutated sequences, with 6-nt substitutions, disrupting base-pairing with the "seed region" of the miRNA are shown in lower case letters. miRNA seed regions are underlined. The nucleotides in the 3'UTR coressponding to the miRNA seed regions are bolded. B, luciferase reporter activity in tolerant cells. Cells were made tolerant and then transfected with the luc plasmids. After 24h, cells were washed and left unstimulated or stimulated with 1 μg/ml LPS for 1 h. Doxycycline was added, and the incubation continued for an additional 1 h. Total RNA was isolated and Luc mRNA levels were determined by realtime PCR (top) using primers that amplify Luc sequences only. Cell lysate was prepared and firefly and Renilla luc activities were measured in triplicate. Firefly to Renilla Luc ratio (bottom) was calculated and further normalized to Luc mRNA (to obtain translation efficiency). RNA values were normalized to GAPDH RNA. Data are presented as % change relative to control Luc plasmid (without TNFα 3'UTR) transfection (set at 100%). Data represent the mean ± s.d. of at least three experiments. *, significant difference compared with wild-type TNFα 3'UTR-Luc. T, tolerant; wt, wild type; mut, mutant. Figure 11 . TNFα expression is silenced in macrophage of septic mice, and treatment with the G9a methyltransferase inhibitor BIX-01294 restores mRNA but not protein levels. Sepsis was induced in C57BL/6 mice by cecal ligation and puncture. Mice (n=5 mice per group) were sacrificed after 24 h. Peritonium was flushed with Hanks` balanced salt solution to collect macrophages. Macrophages were then washed and cultured in DMEM medium at 2x10 5 cells/ml. Cells were incubated with 5 μM BIX-01294 or DMSO. After 6 h, 0.1 μg/ml LPS was added to the cultures and the incubation continued for the indicated times. RNA (top) and protein (bottom) were extracted and assayed by real-time PCR and ELISA, respectively. Sample data were normalized to GAPDH mRNA. Data are the mean ± s.d. of three experiments. Data are presented as fold change relative to the values from normal unstimulated macrophages (set as 1-fold). N, normal; S, septic. LPS stimulation results in increased expression of miR-221, miR-579, and miR-125b in THP-1 tolerant cells. These miRNAs are then loaded into a ribonucleoprotein complex (miRISC) where they help recruit the complex to the TNFα 3`UTR through binding to complementary sequences (mostly AREs) within this region. RNA-binding proteins TTP, AUF1 and TIAR, which are included in the RISC complex, will binds to the ARE (likely through one or more of these miRNAs) and, jointly with the rest of RISC components, will induce TNFα repression by three possible mechanisms: either mRNA deadenylation (1) and/or decapping (2) resulting in mRNA degradation OR translational repression by inhibiting translation initiation or elongation (3) . Note that the CDE (constitutive decay element) has been implicated in mediating mRNA instability, but the protein(s) involved has not been identified. Our results suggested that this CDE element is targeted by AUF1. 
